ABSTRACT DNA is a very important cell structural element, which determines the level of expression of genes by virtue of its interaction with regulatory proteins. We use electron (EM) and atomic force microscopy (AFM) to characterize the flexibility of double-stranded DNA (~150-950 nm long) close to a charged surface. Automated procedures for the extraction of DNA contours (~10-120 nm for EM data and~10-300 nm for AFM data) combined with new statistical chain descriptors indicate a uniquely twodimensional equilibration of the molecules on the substrate surface regardless of the procedure of molecule mounting. However, in contrast to AFM, the EM mounting leads to a noticeable decrease in DNA persistence length together with decreased kurtosis. Analysis of local bending on short length scales (down to 6 nm in the EM study) shows that DNA flexibility behaves as predicted by the wormlike chain model. We therefore argue that adhesion of DNA to a charged surface may lead to additional static bending (kinking) of~5 degrees per dinucleotide step without impairing the dynamic behavior of the DNA backbone. Implications of this finding are discussed.
INTRODUCTION
DNA's charge properties and its high flexibility allow irreversible adhering of molecules onto a planar surface forming a two-dimensional object and thereby permitting visualization by means of electron microscopy (EM) and atomic force microscopy (AFM). In general, adhesion and immobilization are achieved by virtue of ionic interactions between DNA phosphates and surface charges. These processes lead to:
1. A loss of one degree of freedom, thereby diminishing the number of possible DNA configurations. 2. Potential distortions of the DNA double helix reflected in notable alterations in DNA conformation(s), which may lead to a change in the apparent persistence length.
A quantitative description of the apparent DNA conformation confined to a plane requires invoking the existing models for DNA conformation in solution (three-dimensional) and in plane as well. The wormlike chain (WLC) model treats DNA as a continuous, inextensible (elastic) rod and considers the deformations occurring at each infinitesimal point following Hooke's law (1, 2) . Another model is based on a discrete description of a DNA polymer chain attributing its conformational flexibility to the thermal fluctuations in the angles between adjacent basepairs (3) . Similar to the WLC model, the discrete model describes DNA as a homopolymer. The main statistical quantities describing behavior of homopolymers by either model have similar analytical expressions, allowing the use of either description for the analysis purposes. Several extensions were made toward a more realistic model, such as the inclusion of static bends or kinks distributed randomly (in position and orientation) along the polymer chain (4) (5) (6) (7) (8) (9) . Numerous examples demonstrate the power of EM and AFM in determination of DNA persistence length and the conformational state of DNA confined to an imaging plane (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . In many instances, the persistence length calculated close to 50 nm (10) (11) (12) (13) (14) 16, 21, 22) , a generally accepted value determined by other techniques exploiting mainly bulk measurements (15, 17, 18) . However, smaller values (36 nm (23) ) and larger values (~80-140 nm (9, 11, 24, 25) ) were reported as well. In addition, there is disagreement about the state of the deposited molecules:
1. Either molecules equilibrate on the imaging surface before their adhesion (called the two-dimensional state), or 2. molecules are captured (i.e., trapped) by the imaging surface without their equilibration, leading to the conformation reflecting a projection of three-dimensional conformation in solution onto a two-dimensional plane (called the three-dimensional state).
A mixture of both two-dimensional and three-dimensional states can be present for each molecule or their ensemble, depending on the deposition procedure and DNA length. Both EM and AFM provide evidence(s) for a two-dimensional state (10, 11, 19) and a three-dimensional one (11, 20, 26) . In this line, recent studies show that DNA flexibility may vary in a length-dependent manner, exhibiting an increased flexibility (via spontaneous large-angle bends) over distances <5 nm (16) . Even the breakdown of the conventional elastic rod model is suggested for short DNA fragments (27) .
In this article, we will argue that successful analysis of two-dimensional data sets requires both dedicated image processing and a model describing the statistical behavior of DNA molecules confined to a plane. We will show that DNA immobilized onto a surface can exhibit a notable variation in persistence length, yet showing its chain statistics as expected over long separation distances (in EM from 10 to 120 nm and in AFM from 10 to 300 nm) along the contour. By extending the number of statistical quantities, we prove a two-dimensional equilibrium state of immobilized molecules. A modification of the homopolymer WLC model was required to provide an adequate description of the DNA configuration in plane. To this end, we introduce local surface-induced static bends leading to an averaged heteropolymer WLC model (3) (4) (5) 13) . We also argue that modulations in apparent DNA persistence length due to interactions with the imaging surface are not a methodological artifact, but rather a general property of DNA that also manifests itself upon interaction with protein surfaces.
The developed software for the image and data analysis is provided as MATLAB (The MathWorks, Natick, MA) scripts, which can be freely downloaded from www.diplib. org/home22266. It provides the possibility to analyze images obtained from either EM or AFM imaging, given sufficient image quality, and provide DNA characterization as presented below. The software makes use of the MATLAB toolbox DIPimage (Technical University Delft, The Netherlands, www.diplib.org).
MATERIALS AND METHODS

Sample preparation
Supercoiled pPGM1 plasmid DNA (2981 bp) was purified using Qiagen kits (Hilden, Germany) (28) . Linear DNA fragments were obtained after digestion with either EcoRI (2981-bp fragment), EcoRI/ScaI (1444-bp and 1837-bp fragments), or PvuII (474-bp and 2507-bp fragments) and purified using gel filtration chromatography on a Superose 6 column (SMART system, Amersham Biosciences, Fairfield, CT). A 474-bp fragment was obtained by additional purification through an anion exchange Waters Gen-Pak FAX column (Milford, MA). All samples were stored in a buffer of 10 mM Tris-HCl, pH 7.5, 10 mM NaCl, and 0.1 mM Na 3 EDTA at a concentration of 200-400 mg/mL.
Electron and atomic force microscopy
Two different procedures were used for the deposition of DNA molecules for electron microscopy (28): adsorption to glow-discharged carbon film and to polylysine film. The samples were analyzed with a Philips CM12 electron microscope (Eindhoven, The Netherlands) in a dark-field mode at a magnification of 28,000-35,000. The sampling density of the digital images was 1.21 nm/pixel or 1.51 nm/px.
For AFM, DNA was deposited onto the surface of freshly cleaved mica (Muscovite, Plano, Germany). Samples were a drop of DNA solution (10 mL) at a concentration of 2 mg/mL from buffer (B) was placed onto the surface of freshly cleaved mica (Muscovite). Samples were scanned using a Digital Instruments MultiMode scanning probe microscope Nanoscope IIIa (Veeco, Plainview, NY) operating in Tapping mode. The sampling density of the digital images was 7.81 nm/pixel. For details, see the Supporting Material.
Image and data analysis
The image analysis software was custom-developed using the MATLAB toolbox DIPimage. The software is provided as MATLAB scripts (which can be freely downloaded from www.diplib.org/home22266). The algorithm uses an improved Fast Marching algorithm (29) shortly after identification of the relevant molecules to find the DNA centerline. The image analysis algorithm was extensively validated on images generated by Monte Carlo simulations. In the data analysis, extra precaution was taken in sampling the strands to avoid correlation. Reusing all data for computing the characteristic quantities for each length along the DNA yield highly correlated points. To avoid this, we divided each DNA strand into length segments randomly drawn from a predefined set of lengths such that no piece of strand is used twice. For details, see the Supporting Material.
RESULTS
Image processing and analysis
Recently, we developed an automated procedure for finding a path through the centerline of stringlike structures, such as DNA, obtained, for instance, by high-resolution imaging techniques (29) . Briefly, the method (see Materials and Methods) is based on a minimum-cost path algorithm and allows determination of a path whose distance to the true centerline is more than an order-of-magnitude smaller in areas of high curvature than traditional algorithms. The method has been successfully applied to several thousands of DNA molecules on highresolution images obtained by EM and AFM. The paths extracted by this method stay in the middle of the DNA strand without cutting corners. As a consequence, the length measurement remains unbiased and the curvature is no longer underestimated. Fig. 1 shows a typical EM micrograph of 474-bp-long DNA fragment, an AFM image of a mixture of 474-and 2505-bp-long DNA fragments, and the convergence of the DNA centerline (from red via green to blue).
The method was validated by Monte Carlo simulations of DNA molecules following WLC statistics in plane (see Materials and Methods). Validation of the method allowed us to analyze not only full-length DNA fragments, but also short segments after a magnification calibration. We found that isolated and non-self-intersecting strands behave identical to pieces of self-intersecting molecules, i.e., persistence lengths consistent within 1 nm (data not shown). This is very advantageous as longer molecules tend to intersect more and the chances of finding isolated molecules without self-intersection decreases.
Average statistical quantities were calculated as a function of length along the DNA based on all scored (without selfintersections) molecules as described in Materials and Methods after which we fitted the corresponding Eqs. 4-6 to the measured quantities. Special precautions were made to avoid intrinsic correlations between measured quantities for different distances along the molecule. Figs. 2 and 3 , a-c, exemplify the results of estimations of persistence length calculated from average squared end-to-end distance (Eq. 4), average squared angular difference (Eq. 5), and average cosine of angular difference (Eq. 6), respectively. The data Biophysical Journal 97(4) 1148-1157
show very good agreement with theoretical expectations and remarkable consistency of persistence length calculated using different formulas. The uncertainty in determining the persistence length due to the fitting was in the range of 1-2 nm. We applied this procedure to the data drawn from various experiments and found very good consistency among the fit results obtained from the different formulas (see Table 1 ). Together with the Monte Carlo simulations, the results on the experimental data validate the procedure for image processing and data analysis. 2 )/L 4 (Eq. 9) with fits for the two-dimensional (Eq. 8) and three-dimensional (Eq. 7) case. (f) Kurtosis hq 4 i/hq 2 i 2 (which is equal to 3 for q normally distributed around zero).
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Dimensionality of surface-immobilized DNA and its persistence length
The statistical quantities for the conformation description of homopolymers in a three-dimensional plane are R
where L is the length along the DNA (or contour length) between two points on a polymer segment, P 3D is the persistence length in three dimensions, and q is the angle between two tangent vectors separated by a distance L along the DNA. Equations 1-3 used for the description of polymer chain statistics are similar for continuum (WLC) and discrete models (1-4) and do not account for self-avoiding behavior. For the two-dimensional case, the corresponding formulae are (10,11)
Note that Eqs. 4-6 and Eqs. 1-3 display identical mathematical structures. The only difference is a scaling of the persistence length between two and three dimensions, i.e., with the substitution 2P 3D / P 2D in Eqs. 1-3, the formulas are identical. In the remainder of this article, we will use P 2D ¼ 2P 3D when explicitly referring to the two-dimensional model. In view of the above considerations, this implies that, in a strict sense, the persistence length can be determined with an uncertainty factor of two in absence of prior knowledge of the conformation dimensionality. To avoid this uncertainty, we computed the average fourth moment of the end-to-end distance for the molecules and compared the value with the model in two and three dimensions. For the WLC model, the expression has been derived in three dimensions (30) :
For two dimensions, the expression is (see Eq. S12 (31) and
Importantly, the formulae for hR 4 i do not scale from two to three dimensions. However, the difference vanishes for lengths exceeding~500 bp, after which does not vanish. Not even for a length up to 3000 bp and P 3D z 50 bp, after which P 3D ¼ ffiffiffiffiffiffiffi ffi 3=2 p P 2D (for P 3D ¼ 100 bp the difference can be detected up to~5000 bp). Therefore, the quantity hD 4 i provides reliable means for determining the dimensionality of the deposited molecules and hence the persistence length by selecting the correct model. Methodologically, it means that we fit two sets of Eqs. 1-3 and Eq. 7, respectively, to Eqs. 4-6 and Eq. 8, to the quantities measured from the experimental data. The test of Eq. 9 is used to make a proper choice for the dimensionality of the molecules and as a result determines the persistence length in three dimensions by selecting the corresponding set of formulae. The plots of hD 4 i for two-and three-dimensional cases are depicted in Fig. 2 e. It is clearly seen that 1. the data can be described using the corresponding formula for two dimensions (Eq. 8); and 2. the persistence length is very close to those calculated using Eqs. 4-6.
In contrast, using Eq. 7, we failed to fit the data for all distance separations up to 120 nm. The depicted curve is the closest approximation to the experimental data with P 3D ¼ 35 nm. The DNA molecules analyzed in Fig. 2 were 474-bp-long and imaged by EM. Convincingly, we found also for longer strands imaged by AFM in Fig. 3 e that hD 4 i best fits to the two-dimensional formulae, thereby supporting the conclusion that the DNA was imaged in a two-dimensional equilibrium state.
Having validated the image processing, data analysis, and the usage of the corresponding formulae (Eqs. 4-6 and Eq. 8), we calculated persistence lengths of DNA fragments ranging from 474 bp up to~3000 bp for different salt conditions (NaCl 0-100 mM, KCl, MgAc 2 ), buffer composition (Tris, HEPES), and nature of the imaging surface (glow-discharged carbon film, polylysine film) by EM and AFM. The results show (compare Table 1 ) that all four quantities used for the persistence-length calculation give very similar results, supporting our approach even further. It implies that regardless of deposition and imaging conditions, DNA molecules behave as two-dimensional polymers for lengths in the rangẽ 10-120 nm (EM data) or~10-300 nm (AFM data). EM data show that the persistence length of the molecules deposited from 1 to 100 mM NaCl is in the range 25-32 nm, regardless of the nature of the deposition surface (glow-discharged carbon film or polylysine film). At zero NaCl concentration, we measured a smaller persistence length of 15-17 nm (not shown). Deposition from the 5 mM MgAc 2 and 10 mM KCl solutions led to a small but detectable decrease in persistence length (22-24 nm). In contrast, using the latter conditions for the deposition on a mica surface (AFM data) leads to a dramatic increase of the persistence length to 80-90 nm as calculated by using either quantity (Table 1) .
Kurtosis and static bending of DNA
The homopolymer model describes the DNA flexibility by assuming an harmonic potential in the bending angle q. This model results in hqi ¼ 0. The kurtosis is defined as
and is always equal to 3, regardless of the dimensionality of the molecules in this model. We found that for AFM data the kurtosis is close to 3 for distances~50-80 nm along the DNA; for longer distances, it remains within the range 2.7-2.8 (see Fig. 3 f) . However, for EM data the kurtosis was always below 3, showing a decrease to~2.5 for distances larger than 25 nm along the DNA (see Fig. 2 f) . For a homopolymer model, a deviation of the kurtosis from the expected value may be indicative for either an inadequate procedure for image processing and/or analysis, or the presence of nonequilibrium processes during deposition. Another possibility implies that harmonic potential accounting for DNA bending is still quadratic but around a nonzero value (heteropolymer model). Having validated the image processing, the data analysis, and the applicability of the formulae used, we consider the last possibility. Therefore, we introduce a small, surface-induced static bending at each dinucleotide step. For the simple assumption that all static bends occur in plane with identical amplitude but random sign, we derived an expression for the kurtosis accounting for the average static bending angle and separation distance (see the Supporting Material). The kurtosis for the heteropolymer model,
shows that the kurtosis rapidly approaches 3 as the length along the DNA n increases. In this case, the sign of the static bends was chosen randomly with equal probabilities. , we performed Monte Carlo simulations of polymer chains and evaluated the expected kurtosis for different lengths along the DNA n and different probabilities p of positive and negative sign of q 0 . Given the assumption of p ¼ 0.5 and a large number of molecules (>10 4 ), the kurtosis is indeed exactly 3 for any n. If we decrease the number of molecules to similar numbers as encountered in the experiments (~500), we find a decrease of the kurtosis with increasing n for any q stat s 0 (see Fig. 4 ) for any value of p. Higher values of p yield smaller kurtosis for larger distances along the DNA similar to the experimental data, EM data in particular. Considering the fact that we only have a few hundred molecules, no conclusion can be drawn about the exact value of p. However, it must be in the range 0.5 5 0.03, given the simulations. In control simulations with q stat ¼ 0 , the kurtosis was always 3 for any number of molecules.
Therefore, it becomes evident that the experimental data can be explained by a modified homopolymer model accounting for static bending together with limited sampling. However, in contrast to AFM data, EM data require that static bending should be larger mostly due to surface-induced bending in addition to the intrinsic dynamic and static bendings.
DNA bending at short distances
We investigated flexibility or bending of DNA over very short distances as done by Wiggins et al. (16) in an AFM study. Their measurements imply that the elastic energy of highly bent DNA conformations is lower than predicted by the WLC model. That is, on short length scales, large angle bends occur more frequently than predicted by the WLC. In Fig. 5 c, we computed the negative logarithm of the observed bend-angle probability distribution function G(q;L) for short distances L for the molecules investigated in Fig. 2 . In Eq. 12, we have derived a formula (see the Supporting Material)
that takes binning effects in the probability density function of the bending angle q into account. This enables exact fitting of the persistence length also from the histogram. The fitted persistence length is depicted in Fig. 5 b in blue. For three distances along the DNA L ¼ 3.02, 4.54, and 6.05 nm, we found P~28 nm. We did not find any deviation from a Gaussian distribution of the bend angles over any distance, and in particular not over short distances (see Fig. 5 c) . mounting conditions used for EM. For AFM data, we could not investigate the bending on such short length scales due to a lack of resolution.
DISCUSSION
Microscopy techniques permit the analysis of conformations of long flexible polymer molecules, DNA in particular, in a dried state. The analysis requires that 1. molecules irreversibly adhere to an imaging surface; and 2. all segments along the length should be imaged in an identical manner, though possibly with some intensity modulations reflecting the processes of molecule deposition and/or detection.
However, these requirements do not ensure that the conformation of deposited molecules will be unique (two-or three-dimensional) and identical; moreover, molecules may be of mixed conformations. In addition, the apparent conformation of the molecules may depend on their length. The conformational state of deposited molecules is traditionally analyzed by fitting experimental datasets with the formulae accounting for statistical properties of equilibrated molecules either in two or three dimensions. Goodness of fit, the intrinsic conformity of the calculated values for the persistent length together with agreement with literature data, is often considered as a strong support for the techniques used for molecules deposition and image analysis. In contrast, inconsistency of the experimental data with theoretical expectations calculated using one of the descriptors, e.g., hR 2 i, is often interpreted as a result of nonequilibrium processes before adhesion of the molecules, e.g., trapping of the molecules by the deposition surface (11) . Goodness of fit, however, only shows the validity of the model used without guarantee that the persistence length will be close to~50 nm.
Deviation of the measured persistence length (using, e.g., hR 2 i descriptor) from the expected value of~50 nm, in some instances, allowed authors to speculate about the projection of three-dimensional equilibrium DNA conformation onto a two-dimensional imaging plane (33) .
Our data show that DNA molecules of~500-3000-bplong deposited onto a solid support (either glow-discharged carbon film or polylysine film or mica) behave as an equilibrated two-dimensional polymer chain for distances along the DNA up to~120 nm (EM measurements, Fig. 2 e) or 300 nm (AFM measurements, Fig. 4 e) , though of different persistence length. The overall procedure used for EM imaging (deposition onto glow-discharged carbon film together with uranyl staining) had been validated in a sense that it does not change DNA dynamic behavior, i.e., hq 2 dyn i is close to 4.6 (13) . However, it does modulate the apparent persistence length. We believe that these modulations of persistence length (decreasing) are mainly due to distortions of the DNA backbone. These distortions do not impair the harmonic potential of DNA flexibility at each dinucleotide step since the conformation of the molecules along long distances follow theoretical predictions with high accuracy. We rather believe that adhesion to a charged (imaging) surface induces an additional static bending. We note that intrinsic static bends, introduced to describe sequencedependent DNA deformations, i.e., curvature (reviewed in (5)), can account for~3 (34) on average for the molecules confined to a plane. Our data show that the static bending should be in the range 3.7 -7.2 (in plane), most probably close to 5 , implying that deposition onto carbon film or polylysine film induces additional DNA bending (kinking). In this line, AFM data showing the kurtosis in the range 2.7-2.8 are in agreement with the heteropolymer model of DNA exhibiting intrinsic static bending that is supported by our Monte Carlo simulations (see Fig. 4 ). In support of our conjecture of equilibrated two-dimensional polymers, we stress that conformity of DNA conformation to the theoretical expectations was found for distances along the DNA beyond 100-150 nm, a value after which a significant deviation of DNA conformation from the WLC model is usually found (9, 20, 26, 35) . This deviation is often interpreted as a three-dimensional state of imaged DNA due to surface trapping (9, 20, 26) . Fig. 3 shows that under our deposition/preparation conditions, DNA conformation can be well fitted by any descriptor used here until separation distances~300 nm. Attempts to fit hR 2 i using scaling formulae for polymer wandering in two or three dimensions, as earlier suggested (20, 26) , did not produce any physically relevant result. Importantly, at all separation distances, DNA behaves in accordance with the WLC model for either combination of mounting/imaging conditions.
The whole analysis presented here is based on fitting the known homopolymer formulae (Eqs. 4-6 and 8) to the experimental data. However, as we argued in the case of EM mounting, an additional (induced) static bending is required; we have to justify usage of these formulae for heteropolymer molecules. Using Monte Carlo simulation, we generated a set of 474-bp-long molecules using the harmonic potential with different values of hq dyn i (corresponding to P 3D ranging from 20 nm to~50 nm) and q stat ¼ 5.3 , and thus, analyzed simulated molecules as described. The results (see Fig. S5 ) clearly show that 1. fitting with Eqs. 4-6 and 8, give similar values for the apparent persistence using either descriptor; and 2. thus calculated apparent persistence length is in a good agreement with the effective persistence length determined via Eq. S14 in the Supporting Material.
The kurtosis decreases from 3 to~2.5 as the length along the DNA increases up to~100 nm in agreement with EM data. Attempts to fit the data with Eq. 7, corresponding to the three-dimensional conformation of the molecules, failed for distances beyond 40 nm, implying their two-dimensional state. Importantly, fitting the model to short distances (4 nm and 6 nm) using Eq. 12, led to a persistence length similar to those calculated using Eqs. 4-6 and 8. Together, these results validate the usage of Eqs. 4-6 and 8, for the purpose of analysis of heteropolymer molecules. It is known that, in general, the persistence length of DNA decreases as the concentration of monovalent cations increases in solution (15, 17, 18, 36) , reaching a value close to 50 nm. Similar behavior is observed for multivalent cations, though the limiting value for the persistence length may be somehow smaller (15, 17, 18, 36) . Deposition onto negatively charged surface, e.g., freshly cleaved mica, mediated by the divalent cations, e.g., Mg 2þ , may preserve persistence length close to 50 nm (11, 35) . In some instances, higher values (~80-140 nm) were reported (9,11,24,25) using hR 2 i or hq 2 i descriptors. In the latter case, a clear deviation from the expected strait line was found (11) for separations >100 nm, indicative for the contribution of excluded volume effects for molecules with contour lengths larger than 20 persistence lengths. In our case, AFM data show that either descriptor can be fit by the analytical formulas giving consisting values for the persistence length. Since the goodness of fit was high for DNA separations in the range~15-300 nm (see Fig. 3 ), we infer that apparent persistence length was similar regardless of separation along DNA, with the contour implying small contribution of excluded volume effect. Thus, our data are in accord with the results of Frontali and co-workers (10, 19) , showing absence of excluded volume effect for cytochrome c adsorbed DNA with contour lengths up to 30 persistence lengths.
Large values for the persistence length can be explained by modulation of preequilibrated DNA molecules close to the mica surface during rinsing step. Rinsing of the sample and its drying-steps that are required for the fixation of DNA onto surface and imaging in air-may lead to the modulation of apparent DNA conformation as described by Cherny and Jovin (28) , in a way that depends on the forces occurring between preequilibrated molecules and mica surface. Since in many instances rinsing buffer is pure water, the Debye length increases, leading to an increase of persistence length (10, 17, 18, 36) . Deposition from low salt buffer onto positive charged surfaces may lead to a significant decreasing apparent persistence length from~40 nm to~11 nm, in a manner depending on surface charge density (35) . The authors (35) proposed that surface charge density modulates a fractional neutralization of DNA phosphate groups, leading to a significant increase in DNA flexibility. We note that the glow-discharged carbon film and polylysine film used here are positive-charged surfaces. Therefore, we cannot rule out this mechanism accounting for the decreased persistence length of DNA molecules from EM experiments, although we believe that induced DNA static bending (kinking) is a more favorable one, in view of a notable modulation of the kurtosis.
Recent studies by Wiggins et al. (16) and Mathew-Fenn et al. (27) argued that the classical model of DNA duplex as an ideal elastic rod fails to describe either increased DNA flexibility (16) or end-to-end distance distribution (27) on short length-scales of 5-10 nm. For instance, Wiggins et al. (16) observed a non-Gaussian potential for the bend angle on these length scales. In our EM data, we had the resolution to test this finding. However, we do not see any deviation from a Gaussian distribution of the bend angle down to 3 nm, i.e., we do not find more high angles in the histograms of the negative logarithm -ln G(q;L). Our estimation of the persistence length P as a function of distance L on experimental data is consistent from -ln G(q;L) (Eq. 12) and P(L); compare Fig. 5 b. The fact that we do not observe an increased flexibility could be due to a lower persistence length of 20 nm in comparison to~50 nm in their study. A lower persistence length (higher flexibility) makes it less probable to observe deviations at the same separation distance as in Biophysical Journal 97(4) 1148-1157
Wiggins et al. (16) . To observe angle fluctuation with the same probability, we would need to evaluate at the same P/L ratio, i.e., at separations L < 2 nm. This is beyond the imaging resolution and the subsequent image analysis. Note that our Monte Carlo simulations of the three short lengthscales used show consistent estimation of P down to separations of L ¼ 4 nm for similar noise levels as observed in the EM images (see Fig. S3 d) . This rules out that the imageprocessing algorithm is too stiff to follow the DNA backbone exactly. We always find more of the higher angles than Gaussian distributions (see Fig. 5 c) , but with so little occurrence that no significant conclusions can be drawn. Together, our findings neither confirm nor contradict these studies.
Lastly, we note that the analysis of specific DNA-protein complexes shows that in many circumstances the DNA backbone may be significantly distorted (relative to the solution structure), forming a bend or kink upon formation of specific DNA-protein complex (37) . Recent data exploiting molecular dynamic simulations indicate that DNA flexibility and deformability (i.e., indirect readout) play a key role in discrimination-specific sequences and stabilization of the complex structure upon interaction with proteins (38, 39) . We therefore speculate that deformations of DNA backbone detected as induced bending/kinking upon its interaction with highly charged surface is in agreement with these data. Moreover, this behavior of DNA is an intrinsic property, the extent of which is possibly modulated by the strength of DNA-surface interactions.
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